1/58 




FIG.2 



2/58 



( BEGIN ) 







ESTIMATE JITTER 
TRANSFER FUNCTION 






ESTIMATE 
BIT ERROR RATE 




* 



S201 



-S202 



( END ) 



FIG.3 




OUTPUT 
SIGNAL 



INPUT JITTER- 



JITTER TRANSFER 
FUNCTION ESTIMATOR 
103 



501 



TIMING 
JITTER 
ESTIMATOR 



502 



JITTER GAIN 
ESTIMATOR 



JITTER TRANSFER FUNCTION 
MEASURING APPARATUS 101 



FIG.4 



3/58 



( BEGIN ) 



1 


f 


ESTIMATE TIMING JITTER 
SEQUENCE 




f 


ESTIMATE TIMING JITTER 
VALUE 




f 


CALCULATE JITTER TRANSFER 
FUNCTION 




f 



-S221 



S222 



S223 



( ™ ) 



FIG.5 




OUTPUT 
SIGNAL 



INPUT SIGNAL 



JITTER TRANSFER 
FUNCTION ESTIMATOR 
103 



501 


502 

<* 


TIMING 
JITTER 
ESTIMATOR 






JITTER GAIN 








ESTIMATOR 




501 


503 


TIMING 
JITTER 
ESTIMATOR 


► 




JITTER PHASE 
DIFFERENCE 
ESTIMATOR 















—102 



JITTER TRANSFER FUNCTION 
MEASURING APPARATUS 101 



FIG.6 



4/58 



( BEGIN ) 



1 




ESTIMATE TIMING JITTER 
SEQUENCE IN INPUT SIGNAL 




r 


ESTIMATE INPUT TIMING 
JITTER VALUE 




r 


ESTIMATE TIMING JITTER 
SEQUENCE IN OUTPUT SIGNAL 




i 


ESTIMATE OUTPUT TIMING 
JITTER VALUE 


y 


r 


CALCULATE JITTER TRANSFER 
FUNCTION 



-S241 



-S242 



-S243 



-S244 



-S245 



( END ) 



5/58 



FIG.7 



( BEGIN ) 





r 


ESTIMATE JITTER GAIN 




i 


ESTIMATE PHASE DIFFERENCE BETWEEN 
INPUT AND OUTPUT TIMING JITTER 



C END ) 



-S261 



S2301 



FIG.8 



0.5 
3 0.4 

i i 

■e- 
< 0. 3 

I— 

=> 0.2 
i— 

§ o.i 
o 





















o 




O 










— ^ 



















0.5 1.0 1.5 2.0 

INPUT JITTER, A 6 [UI PP ] 



2.5 



FIG.9 



6/58 



702 



xj(t)- 



INSTANT. 

PHASE 
ESTIMATOR 




i i 
< 


I 


Al 

< 

TDA 
i i\n 


MALYT 1 
SIGNAL 

MCCTID 


c 

VII 1 \ 



703 

LINEAR 
PHASE 
ESTIMATOR 



704 



LINEAR 
TREND 
REMOVER 



901 
J— 



RESAMPLER 



TIMING 
- JITTER 
SEQUENCE 



REAL----7 J 



701 



700 



TIMING JITTER ESTIMATOR 501 



7/58 

FIG. 10 



( BEGIN ) 







TRANSFORM INPUT SIGNAL TO BAND-PASS 
ANALYTIC SIGNAL 






ESTIMATE INSTANTANEOUS PHASE FROM 
ANALYTIC SIGNAL 






ESTIMATE LINEAR COMPONENT OF 
INSTANTANEOUS PHASE 




f 


ESTIMATE INSTANTANEOUS PHASE NOISE 
BY REMOVING LINEAR PHASE 






ESTIMATE TIMING JITTER SEQUENCE BY 
RESAMPLING INSTANTANEOUS PHASE NOISE 




r 



S801 



S802 



S803 



S804 



S1001 



( END ) 



FIG. 11 



8/58 





2.0 




1.5 




1.0 


x(t) 


0.5 




0 



-0.5 




400MHz CLOCK WAVEFORM 

"J 1 1 I 




0 5 10 15 20 25 30 35 40 45 50 

TIME[ns] 



FIG. 12 



1.5 




TIME[ns] 



FIG. 13 



9/58 



-a 




20 25 30 35 
TIME [ns] 



40 45 50 



FIG. 14 





120- 




100- 


1—1 
T3 


80- 


CO 
1_ 




60- 


•e- 


40- 




20- 



0 




5 10 15 20 25 30 35 40 45 50 

TIME[ns] 



FIG. 15 



10/58 




FIG. 16 




FIG. 17 



11/58 



CO 
CL 



•e- 
< 




-200 



2 3 4 5 6 
TIMEEns] 



8 



10 



FIG. 18 



rsj 




10 20 30 40 50 60 70 80 90 100 

TIME[ns] 



FIG. 19 



12/58 



cn 
o 



QQ 




INPUT JITTER AMPLITUDES I PP ] 



FIG. 20 



13/58 




-0.5 0 



FIG. 21 



14/58 




0.1' ■ ■ ■ ■ ■ ■ ■"" 

10k 100k 1M 10M 

JITTER FREQUENCY [Hz] 



FIG. 22 




10k 100k 1M 10M 100M 

OFFSET FREQUENCY [Hz] 



15/58 




FIG. 24 



16/58 



( BEGIN ) 



1 




WAVEFORM CLIPPING 






TRANSFORM INPUT SIGNAL TO BAND-PASS 
ANALYTIC SIGNAL 






ESTIMATE INSTANTANEOUS PHASE FROM 
ANALYTIC SIGNAL 






ESTIMATE LINEAR COMPONENT OF 
INSTANTANEOUS PHASE 



-S1801 



-S801 



S802 



I 



-S803 



ESTIMATE INSTANTANEOUS PHASE NOISE 
BY REMOVING LINEAR PHASE 



S804 



ESTIMATE TIMING JITTER SEQUENCE BY 
RESAMPLING INSTANTANEOUS PHASE NOISE 



-S1001 



( E"P ) 



FIG. 25 



17/58 




FIG. 26 




18/58 




19/58 

FIG. 28 



( BEGIN ) 



1 


! 




TRANSFORM INPUT SIGNAL TO BAND-PASS 
ANALYTIC SIGNAL 


— -S801 








ESTIMATE INSTANTANEOUS PHASE FROM 
ANALYTIC SIGNAL 


— S802 




r 




ESTIMATE LINEAR COMPONENT OF 
INSTANTANEOUS PHASE 


— S803 




r 




ESTIMATE INSTANTANEOUS PHASE NOISE 
| BY REMOVING LINEAR PHASE 


^-S804 




' 




REMOVE LOW FREQUENCY COMPONENT 
FROM INSTANTANEOUS PHASE NOISE 


— S2001 




r 




ESTIMATE TIMING JITTER SEQUENCE BY 
RESAMPLING INSTANTANEOUS PHASE NOISE 


— S1001 


\ 







( END ) 



20/58 




21/58 

FIG. 30 



( BEGIN ) 





f 


CONVERT ANALOG SIGNAL TO 
DIGITAL SIGNAL 




! 


TRANSFORM INPUT SIGNAL TO BAND-PASS 
ANALYTIC SIGNAL 



S9801 



I 



ESTIMATE INSTANTANEOUS PHASE FROM 
ANALYTIC SIGNAL 


—S802 




r 




ESTIMATE LINEAR COMPONENT OF 
INSTANTANEOUS PHASE 


^S803 








ESTIMATE INSTANTANEOUS PHASE NOISE 
BY REMOVING LINEAR PHASE 


--S804 




f 




REMOVE LOW FREQUENCY COMPONENT 
FROM INSTANTANEOUS PHASE NOISE 


— S2001 


] 


f 




ESTIMATE TIMING JITTER SEQUENCE BY 
RESAMPLING INSTANTANEOUS PHASE NOISE 


— S1001 



( END ) 



22/58 




FIG. 32 



23/58 



C BEGIN ) 





f 


BAND-PASS FILTERING 



I 



PERFORM HUBERT TRANSFORMATION TO 
GENERATE HUBERT PAIR 



OUTPUT ANALYTIC SIGNAL 



-S1201 



S1202 



-S1203 



( END ) 



24/58 




25/58 



( BEGIN ) 





r 


TRANSFORM SIGNAL FROM TIME DOMAIN 
TO FREQUENCY DOMAIN 




F 


SET NEGATIVE FREQUENCY COMPONENTS 
OF THE TWO-SIDED SPECTRA TO ZEROS 


\ 


f 


BAND-PASS FILTERING 






TRANSFORM SIGNAL FORM FREQUENCY 
DOMAIN TO TIME DOMAIN 







( END ) 



FIG. 35 



26/58 



400MHz CLOCK WAVEFORM 




TIME[ns] 



FIG. 36 



27/58 



X(f)dBMag[V 2 /Hz] 




-1000-800 -600 -400 -200 0 200 400 600 800 1000 

FREQUENCY [MHz] 



FIG. 37 



Z(f)dBMag[V 2 /Hz] 



-I L. 




-1000-800 -600 -400 -200 0 200 400 600 800 1000 

LIN FREQUENCY [MHz] 



FIG. 38 



28/58 




FIG. 39 



29/58 



1501 



BUFFER 
MEMORY 



1502 
<L 

WAVEFORM 

DATA 
SELECTOR 



1506 



FREQUENCY 
DOMAIN 
TO TIME 
DOMAIN 
TRANSFORMER 



1505 



BANDWIDTH 
LIMITER 



1507 



1503 

I 

WINDOW 
FUNCTION 
MULTIPLIER 



1504 

V—fL 

TIME 
DOMAIN TO 
FREQUENCY 

DOMAIN 
TRANSFORMER 



AMPLITUDE 
CORRECTION 



ANALYTIC 
- SIGNAL 

z(t) 



j 

ANALYTIC SIGNAL TRANSFORMER 701 



FIG. 40 



30/58 



( BEGIN ) 



1610 



SELECT THE NEXT 
SECTION OF THE DATA 
BY OVERLAPPING 
THE SECTIONS 



COLLECT THE SIGNAL DATA INTO 
BUFFER MEMORY 



SELECT A SECTION OF THE DATA 



MULTIPLY WINDOW FUNCTION 
TO THE DATA 



TRANSFORM THE SIGNAL FORM TIME 
DOMAIN TO FREQUENCY DOMAIN 



I 



yes/ 



SET NEGATIVE FREQUENCY 
COMPONENTS OF THE TWO-SIDED 
SPECTRA TO ZEROS 




F 


BAND-PASS FILTERING 




F 


TRANSFORM THE SIGNAL FROM 
FREQUENCY DOMAIN TO TIME DOMAIN 




r 


MULTIPLY THE RECIPROCAL OF THE 
WINDOW FUNCTION TO THE DATA 


1 


F 



S1601 



S1602 



-S1603 



S1604 



SI 605 



IS ANY UNPROCESSED DATA 
LEFT IN THE BUFFER MEMORY? 
no 




-S1606 



-S1607 



S1608 



S1609 



C E ND ) 



FIG. 41 



31/58 



( BEGIN ) 





r 


ESTIMATE INPUT TIMING JITTER 
SPECTRUM 




f 



S2604 



ESTIMATE OUTPUT TIMING JITTER 
SPECTRUM 



S2605 



CALCULATE JITTER PHASE 
DIFFERENCE 



S2606 



( END ) 



FIG. 42 



32/58 



( BEGIN ) 



1 




ESTIMATE INPUT INSTANTANEOUS 
PHASE NOISE 




r 


ESTIMATE OUTPUT INSTANTANEOUS 
PHASE NOISE 




i 


ESTIMATE INPUT PHASE NOISE 
SPECTRUM 




f 


ESTIMATE OUTPUT PHASE NOISE 
SPECTRUM 




r 


CALCULATE JITTER PHASE 
DIFFERENCE 



S2502 



-S2503 



-S2504 



S2505 



S2506 



( END ) 



33/58 




FIG. 44 



34/58 



C BEGIN ) 



1 


r 


INPUT JITTERY SIGNAL 







ESTIMATE JITTER TRANSFER 




< 


ESTIMATE BIT ERROR RATE 






ESTIMATE JITTER 


TOLERANCE VALUE 



-S401 



S201 



-S202 



S402 



I 



( END ) 



35/58 




FIG. 46 



36/58 



( BEGIN ) 



1 


F 


RECOVER CLOCK SIGNAL 
FROM DUT OUTPUT SIGNAL 


< 


f 


ESTIMATE JITTER TRANSFER 
FUNCTION 




f 


ESTIMATE BIT ERROR RATE 



-S2201 



-S201 



-S202 



FIG. 47 



( E ND ) 



DUT 



INPUT 
SIGNAL 




37/58 




FIG. 49 



38/58 



DATA 
STREAM 



f it it t t it 



RECOVERED 
CLOCK 



fit it ... t Lit ...I 



FIG. 50 



( BEGIN ) 



1 


r 


ESTIMATE TIMING 




r 


ESTIMATE TIMING DEFRENCE 




r 


ESTIMATE BIT ERROR RATE 







-S3201 



•S3202 



-S3203 



C END ) 



IG. 51 



39/58 



TIMING ESTIMATOR 3100 



701 



ANALYTIC 
SIGNAL 
TRANSFER 



9 » 



702 



INSTANT 
PHASE 
ESTIMATOR 



REAL 



0[t] 



3301 



IDEAL 
TIMING 
ESTIMATOR 



n 



RESAMPLER 



-3304 



0[n] 



AftAP 



0IDEAL[n] 



TIMING ERROR CALCULATOR 



A0[n] 



40/58 



( BEGIN ) 



1 


f 


TRANSFORM INPUT SIGNAL TO 
BAND-PASS ANALYTIC SIGNAL 






ESTIMATE INSTANTANEOUS PHASE 


y 




RESAMPLE INSTANTANEOUS PHASE 



I 



ESTIMATE IDEAL TIMING 



± 



CALCULATE TIMING ERROR 



-S3400 



-S3401 



-S3402 



-S3403 



S3406 



V 



( END ) 



FIG. 53 



41/58 



IDEAL 
SIGNAL 



ACTUAL 
SIGNAL 



SAMPL I NG 
TIMING 




BER= 



NUMBER OF BITS DETECTED IN ERROR IN A TIME INTERVAL 
TOTAL NUMBER OF BITS TRANSMITTED IN A TIME INTERVAL 



FIG. 54 





CONVENTIONAL 
(BERT-BASED) 


A 0 METHOD 


# OF MEASUREMENTS 


20 


4 


TIME PER MEASUREMENTS 


1sec 


0. 5sec 


TOTAL TESTING TIME 


20sec 


2sec 



FIG. 55 



42/58 



^0.7 



gO. 6|- § -o o-^~ ~ ° 

TRUE VALUE 



0.5- 



E 0.4 

^ 0.3|- oMEAN VALUE WITH cr ERROR -j 

o 0. 2|- MINIMUM NUMBER OF 

JITTER MEASUREMENTS 

« 0. 1 V 
0 



/ 



2 3 4 5 6 

NUMBER OF JITTER MEASUREMENTS 



FIG. 56 



43/58 




FIG. 57 



44/58 



DATA AM 1 00 0 1 1 0 

■ 

DATA B i 1 1 0 0 1 0 0 1 

i — 
i 

DATA C : 1 1 1 1 1 1 1 1 



0 110 1001 
00111001 
00000000 



00101011:0 
10110111:0 

1 1 1 1 1 1 1 1 io 



FIG. 58 



x(t) 



4062 

d 

SIGNAL 
CAPTURING 
UNIT 



4004 

d 

PERIOD 
JITTER 
ESTIMATOR 



4006- 



IDEAL 
EDGE 
TIMING 
ESTIMATOR 



4008 

1 



EDGE 
TIMING 
ERROR 
ESTIMATOR 



TIMING 
- JITTER 
SEQUENCE 



TIMING JITTER ESTIMATOR 501 



45/58 



( BEGIN ) 





r 


CAPTURE INPUT SIGNAL 




f 


ESTIMATE PERIOD JITTER SEQUENCE 
OF INPUT SIGNAL 




f 


MEASURE AVERAGE PERIOD AND 
ESTIMATE IDEAL EDGE TIMING 
SEQUENCE OF INPUT SIGNAL 




f 


ESTIMATE TIMING JITTER SEQUENCE 
BY CALCULATING EDGE TIMING ERROR 




f 



( END ) 



FIG. 60 



46/58 



Cxi 
O 
OS 



CO 



100 

10-2 
10-4 
10-6 
10-8 



10-10 

0. 1 













1 t 1 


















1 
1 


■ 




























t 














i _ 


- L 














■o • 

























jO 

1- 1 

o 

1 

1 


i 

m 


























































1 

b 

i- j 
i 
i 
i 

i- «t 

b 

i 

i 
i 
i 


. J 

► H 

r -i 


o BERT-BASED METHOD 
— A<t> PROPOSED METHOD " 

PRBS215-1 j 

fFM=2MHz 

Amp I i tude 1 0OmVpp 


















































i 

6 





1 

INPUT JITTER AMPL I TUDE [U I pp] , LOG 



10 



FIG. 61 



100 



o BERT-BASED METHOD 
♦ A<t> PROPOSED METHOD 



3 10 : 



0. 




100k 1M 
JITTER FREQUENCY [Hz] 



IG. 62 



47/58 




FIG. 63 



48/58 



( BEGIN ) 



SET JITTER FREQUENCY 



SET JITTER AMPLITUDE 



MEASURE TIMING JITTER SEQUENCE 
IN OUTPUT SIGNAL 



MEASURE DISTORTION OF TIMING JITTER 



-S4500 



-S4502 



-S4504 



-S4506 



no 



DISTORTION > PREDEFINED VALUE 



1 


yes 


ESTIMATE JITTER TOLERANCE VALUE 







< 



yes/ ARE THERE ANY JITTER FREQUENCY 
TO BE TESTED? 

no 




S4510 
S4512 



( END ) 



FIG. 64 



49/58 



o 

X 



3 4 

cm 

LU 

i— 
h- 

=5 3 
i— 

Q_ 

2 
1 



la: 



JITTER TOLERANCE 
• ESTIMATED BY 
BERTS 



JITTER 
TOLERANCE 
ESTIMATED 
BY 

PROPOSED 
METHOD 



1 2 

INPUT JITTERQJIpp] 



FIG. 65 







4104 

<* 




4106 




TIMING 


► 


TIMING 
JITTER 




JITTER 
DISTORTION 
CALCULATOR 




, JITTER 


JITTER 




SPECTRUM 
ESTIMATOR 






; DISTORTION 















JITTER DISTORTION ESTIMATOR 4100 



FIG. 66 



50/58 



-30 




-140 l " i—l 1 1 1 " " 1 1 1 

0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1.0 

OFFSET FREQUENCY [MHz] 



FIG. 67 



-40 




= -130 - 



-140 I 1 1 ' 1 ■ 1 1 1 " 1 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

OFFSET FREQUENCY [MHz] 



FIG. 68 



51/58 



250 
200 - 
-m 150 - 
jj 100 - 
50 



L J 

-2.5 -2.0 -1.5 -1.0 -0.5 0 0.5 1.0 1.5 2.0 2.5 
TIMING JITTER IN RECOVERED CLOCK [U I] 



FIG. 69 




TIMING JITTER IN RECOVERED CLOCK [U I] 



52/58 




53/58 




FIG. 72 



54/58 



( START ) 







SET JITTER TYPE TO RANDOM JITTER 



I 



SET JITTER AMPLITUDE 



I 



ESTIMATE JITTER TRANSFER FUNCTION 



ESTIMATE JITTER TOLERANCE ROUGHTY 
FROM JITTER TRANSFER FUNCTION 



SET JITTER TYPE TO SINUSODAL JITTER 



T 



SET JITTER FREQUENCY 



I 



SET JITTER AMPLITUDE 



DETECT 

ERROR BITS IN OUTPUT BITSEQUENCE 



YES 



-S3502 
-S3504 
-S3506 

-S3508 

-S3510 
-S3512 
-S3514 

-S3516 



< THE NUMBER OF ERROR BITS = 0? ^ >--S351 8 





NO 

r 


ESTIMATE JITTER TOLERANCE j 




f 



< 



YESX ARE THERE ANY JITTER FREQUENCY 
TO BE TESTED? 




-S3520 



S3522 



NO 

C END ) 



55/58 




56/58 




57/58 




FIG. 76 



58/58 



OPTIMUM 
SAMPLING 
TIME 



PK-TO-PK 
TIMING 
JITTER 




NOISE MARGINE 



FIG. 77 



PULSE PATTERN GENERATOR 



SINUSOIDAL 
J I TTER 



ERROR DETECTOR 




DATA 



MODULATION 
SOURCE 



DESERIALIZER 



